Abstract-This paper is concerned with the capacities of spectrally overlaid narrow-band and wide-band systems using two code-division multiple-access (CDMA) techniques: a single-code and a multicode. The capacity is defined here as the maximally achievable total throughput in the narrow-band and wide-band subsystems. User signal power in the overlay systems affects the performance of the systems. The signal power is characterized as the relative power level of wide-band and narrow-band users according to the spreading bandwidth, spectral overlay ratio, and the number of spreading codes assigned to a user in singleand multiple-cell environments. The capacities of the overlay systems are then analyzed. The results of the analysis show that the single-code technique yields better performance than does the multicode scheme in terms of the capacities of the overlay systems. Furthermore, the use of a multicode technique for wide-band subsystems and a single-code scheme for narrow-band subsystems is desirable for enhancing the performance of CDMA overlay systems.
I. INTRODUCTION
C ODE-division multiple-access (CDMA) techniques have many attractive features for applications to secondand third-generation mobile communication systems. Two approaches have been studied and proposed [1] - [8] . One is a single-code CDMA (SC-CDMA) scheme in which user information is transmitted through a single-code channel. The other is a multicode technique in which user information with a high bit rate is transmitted through multiple parallel code channels. The multicode CDMA (MC-CDMA) system can provide a high processing gain for each code channel and thus, has the advantages of flexible transmission and low hardware complexity, when compared with the single-code system [2] - [5] .
Flexible utilization of the available radio spectrum is an important issue, since the spectrum is a limited resource and a regulatory body usually restricts the spectrum allocation for wireless communication services. As a technique for enhancing the spectrum utilization, CDMA overlay systems with an existing time-division multiple-access (TDMA) system were studied [9] , [10] . Of special interest, multiband CDMA overlay systems supporting multiclass services were investigated to overcome spec-trum allocation restrictions and to flexibly utilize the spectrum [11] - [14] . Previous studies considered CDMA overlay systems using only a single-code CDMA scheme.
In this paper, we are concerned with the capacities of spectrally overlaid single-code and multicode CDMA systems where a wide-band spectrum is overlaid with multiple narrow-band spectra. User signal power in the overlay systems affects the performance of the systems. In the ideal case of a nonfading environment, multiple-code channels for a multicode user are orthogonal. However, in real environments, the orthogonality is lost due to multipath propagation and different code channels in the multicode system interfere with each other. This mutual interference increases user signal power in the multicode system. Thus, the signal power in the overlay systems is investigated according to such various system parameters as spreading bandwidth, spectral overlay ratio, and the number of spreading codes assigned to a user. The signal power is characterized in terms of the relative power level of wide-band and narrow-band users.
The rest of this paper is organized as follows: Section II describes a system model where a wide-band subsystem is spectrally overlaid with multiple narrow-band subsystems and each subsystem utilizes the two CDMA techniques. Section III characterizes the user signal power in the systems according to various system parameters in single-and multiple-cell environments. Section IV investigates the capacities of the CDMA overlay systems in single-and multiple-cell environments taking into consideration the system parameters and presents a numerical example. Finally, Section V presents the conclusions. Fig. 1 shows a CDMA overlay system model. The system consists of a wide-band subsystem and several narrow-band subsystems. In this system, a wide-band subsystem is spectrally overlaid with multiple narrow-band subsystems where each narrow-band subsystem mutually excludes the other. In addition, each subsystem can utilize single-code and multicode techniques. Table I shows four types of CDMA overlay systems. System I uses a multicode technique in both the narrow-and wide-band subsystems. In System II, the narrow-band subsystem utilizes a single-code technique, while the wide-band subsystem uses a multicode scheme. In System III, the narrow-band subsystem uses a multicode technique, whereas the wide-band subsystem uses a single-code scheme. System IV utilizes a single-code scheme in both subsystems.
II. SYSTEM MODEL

A. CDMA Overlay System Model
The spreading bandwidth ratio of wide band to narrow band is defined as , where and are the band- widths of the narrow-band and wide-band subsystems, respectively. As in [13] , we also consider the spectral overlay ratio of the narrow-band and wide-band subsystems defined as where is the number of narrow-band CDMA allocations overlaid with a wide-band CDMA spectrum.
The system model and the associated assumptions used in this paper are summarized as follows.
1) A service area is divided into cells of equal size and each cell is served by a base station (BS). 2) Separate frequency bands are used for forward and reverse links. Thus, BSs receive interference from mobile users, while the users suffer interference only from the BSs.
3) The desired user signal is ideally separated from the other user signals by means of signature sequences which are used to spread the spectrum of user signals. 4) In each cell, no inter-band interference exists among the multiple narrow-band CDMA subsystems.
5) Only the reverse link is considered and the user signal power in each subsystem is perfectly controlled by its home BS.
B. Multipath Fading Channel Model
A CDMA receiver 1 can resolve a multipath fading channel into several paths with discrete time delays. The equivalent low-pass impulse response of the multipath channel between a mobile station (MS) and its home BS can be expressed as [15] , [16] where and are path gain and time delay of the th path, respectively. The delay power profile of the multipath fading channel is here assumed to be uniformly distributed. That is, the ensemble average of the squared path gains of the th path is given by for , where is the total number of paths resolved at the receiver.
III. CHARACTERIZATION OF USER SIGNAL POWER
The user signal power received from the reverse link is proportional to the user transmission power and is also required to maintain a given acceptable link quality. User signal power also affects the cross-band interference between the narrow-band and the wide-band subsystems in the CDMA overlay systems. We characterize here the signal power in the four types of overlay systems with single-and multiple-cell environments. In what follows, the superscripts (or subscripts), , , , and will be used to denote SC-CDMA, MC-CDMA, narrow-band, and wide-band, respectively.
A. Reverse Link Characteristics
As shown in Fig. 1 , the total interference received at the respective narrow-band and wide-band subsystems consists of two types of interference: i) same-band interference caused within the respective narrow-band and wide-band CDMA subsystems and ii) cross-band interference between two CDMA subsystems. In multiple-cell environments, both subsystems receive interference from an inner cell, and , as well as interference from the outer cells, and . In an MC-CDMA system, user information with a bit rate of is transmitted after spreading with parallel orthogonal code channels. Thus, and , where is the basic rate, the signal power of each code channel, and the user signal power. When spreading codes are used in an ideal case where the orthogonality of the code channels is maintained, mutual interference among multicode channels assigned to each user can be completely eliminated. However, mutual interference among code channels exists in real environments since orthogonality is lost due to multipath fading [7] , [17] . If perfect power control is assumed, then the bit energy-to-interference density ratio of each user signal received at a BS is kept constant. If and users transmit information with a bit rate of in the narrow-band and wide-band subsystems utilizing an MC-CDMA technique, respectively, then the for each user received at the respective subsystems can be expressed as in (1)- (2) at the bottom of the page, where is the narrow-band multicode user signal power, the wide-band multicode user signal power, the thermal noise density, the spectral overlay ratio of an inner cell, the spectral overlay ratio of outer cell, and the processing gain of each subsystem, and the required for acceptable link quality in each subsystem, the superscripts same and cross denote same band and cross band, respectively. In (1) and (2) , represents the extent of orthogonality loss, i.e., the normalized mutual interference affecting the same multicode user. Note that in both narrow-band and wide-band subsystems is similar to each other, which will be discussed later.
In a similar way, when both narrow-band and wide-band subsystems utilize a single-code scheme, the expressions for each user received at the respective subsystems can be obtained by inserting , , and into (1) and (2), respectively.
B. Orthogonality Loss in a Multipath Fading Channel
The degree of orthogonality loss due to multipath fading can be characterized by the orthogonality factor. In the reverse link of an MC-CDMA system, the user signal power received at the BS increases as the received interference increases. As a result, the required for a multicode user also increases to maintain an acceptable link quality, measured as the bit-error rate (BER). Therefore, the orthogonality factor of multicode channels can be derived by comparing the effect of mutual interference among multicode channels assigned to a user on the required in both additive white Gaussian noise (AWGN) and multipath fading channels. That is, the orthogonality factor can be defined as where and are the bit-energy-to-interference density ratios in AWGN and multipath fading channels, respectively. The definition is adopted from [17] , in which the values of and were considered as intercell interference approximated with Gaussian noise and intracell interference, respectively, in the forward link of an SC-CDMA system.
For example, corresponds to the perfect orthogonality such that a code channel does not interfere with the other channels assigned to the same multicode user. When , a mutual interference of 60% remains for the same multicode user. In addition, represents the complete nonorthogonality such that orthogonality among the number of spreading codes of is completely lost and, thus, the fraction of affects mutual interference for the same multicode user. However, indicates that a BS receiver cannot detect any desired user signal in all the multicode channels because mutual interference for the same multicode user is significantly increased.
The degree of orthogonality loss depends on various parameters including multipath delay power profiles, spreading bandwidth (the number of resolved paths), and so on. According to [18] , the orthogonality factor in multipath faded CDMA systems is specified as the value (For single-code systems with , mutual interference is absent). Table II shows the orthogonality factor in the multipath fading channel described in Section II [18] .
C. Relative User Signal Power
To investigate how the spreading bandwidth, the spectral overlay ratio, and the number of spreading codes affect user signal power, we examine the relative signal power of wide-band and narrow-band users in the four types of CDMA overlay systems. It is here assumed that and in each system are the same, i.e., and Since and , from (1) and (2) the wide-band user signal power is represented as functions of narrow-band user signal power and the outer cell interference of the narrow-band subsystem.
It can be observed from (3) that the user signal power depends on the spreading bandwidth, the spectral overlay ratio, the orthogonality factor, and the link quality requirement. In investigating the effect of outer cell interference on the user signal power, single-cell and multiple-cell environments are also considered.
1) Single-Cell Environment:
In a single-cell environment, the outer cell interference in (3) is absent and, thus, the relative signal power of wide-band and narrow-band multicode users is expressed as (4) In particular, when the wide-band spectrum is fully overlaid with multiple narrow-band spectra, i.e., , the relative user signal power is given by (5) In a similar way, the relative user signal power in the other types of overlay systems with a single cell can be obtained as follows:
The relative user signal power is given by substituting into (4) . In addition, with a full spectrum overlay ratio, i.e., , the relative signal power in the systems can be obtained from (6) and (7).
2) Multiple-Cell Environment: In a multiple-cell environment, relative user signal power is related to narrow-band outer cell interference received at the wide-band receiver as shown in (3) . When the wide-band spectrum is fully overlaid with multiple narrow-band spectra, i.e., , the relative user signal power in the four types of overlay systems is the same as the results of the single-cell overlay systems with . However, in the case of , it is difficult to analyze the outer cell interference. Here, we use the intercell interference factor [19] defined as and the outer cell interference is given by . Hence, from (3), the relative signal power of wide-band and narrow-band multicode users in a multiple-cell environment can be estimated as shown in (8) at the bottom of the following page. It can be observed from (8) that the relative user signal power decreases as the spectral overlay ratios of the inner and outer cells decrease.
The relative user signal power in the other types of overlay systems with multiple cells can also be estimated as follows.
The relative signal power is obtained by substituting and into (3) and given by (9) shown at the bottom of the page. The relative signal power is obtained as in (10), also at the bottom of the page, and is also given by inserting into (8) . It can be observed from (8)-(10) that the relative signal power in a multiple-cell environment varies with the spectral overlay ratios of the inner and outer cells as well as with the system parameters related to single-cell systems.
D. Numerical Results and Discussions
In order to examine the relative user signal power in the four types of CDMA overlay systems, the system parameters are chosen as follows: the respective spreading bandwidths of narrow-band and wide-band of 4.80 and 19.20 MHz, of 384 kb/s, and of 7 dB for each overlay system. Mutual interference for the wide-band system is bigger than that for the narrow-band system because more multipaths exist in case of wide-band system. However, as the spreading bandwidth increases, the multipath combining gain also increases. For example, with a twofold increase in spreading bandwidth, the multipath combining gain of approximately 0.4 dB is achieved for a target BER of 10 (Table II) . The achieved gain by bandwidth expansion is not great because mutual interference among multicode channels degrades the performance. Furthermore, if a channel coding scheme (e.g., convolutional code) is used, a 2-or 3-dB gain can be achieved [19] . Hence, we assume here the required values, 7 dB. The relative user signal power in single-and multiple-cell environments is investigated. To evaluate the relative signal power in a multiple-cell environment, the intercell interference factor is assumed to be in the systems. Figs. 2-4 show that the relative signal power of wide-and narrow-band users when the orthogonality among multicode channels is completely lost. Fig. 2 illustrates the relative signal power of wide-band and narrow-band multicode users in a single-cell overlay system. The spectral overlay ratio is a dominant parameter affecting the relative signal power. In particular, when the spectral overlay ratio is less than , wide-band multicode users require less power than narrow-band multicode users. The spreading bandwidth and the number of spreading codes assigned to a user also affect the relative signal power. As the number of spreading codes allocated to multicode users increases, mutual interference among the codes also increases and thus, the signal power of wide-band and narrow-band users needs to be increased to guarantee their acceptable link quality. However, the relative signal power decreases as the number of spreading codes increases. This is because mutual interference among multiple spreading codes is more suppressed by the higher processing gain of the wide-band subsystem, when compared with the interference suppression by the lower processing gain of the narrow-band subsystem. Fig. 3 illustrates the relative signal power of the wide-band multicode user and narrow-band single-code user in a single-cell overlay system. Wide-band multicode users require larger power than narrow-band single-code users. This requirement increases as the spectral overlay ratio increases. This is because when a multiple number of spreading codes are allocated to each wide-band user, more mutual interference and multiuser interference are generated in the wide-band subsystems than is multiuser interference in the narrow-band subsystem. Fig. 4 shows the relative signal power of wide-band singlecode users and narrow-band multicode users in a single-cell environment. Wide-band users require less power than do narrow-band users except in the case where the wide-band spectrum is fully overlaid with multiple narrow-band spectra and a smaller number of spreading codes (e.g., ) are used for a multicode user. This is because the mutual interference generated among the code channels in the narrow-band subsystem is a dominant factor in increasing the narrow-band user signal power in the overlay system. The result implies that the use of a lower basic rate is desirable for a lower signal power level in the narrow-band subsystem using a multicode scheme.
The cases of in Figs. 2-4 show the relative signal power of wide-band and narrow-band single-code users in a single-cell environment. From the figures with , we can observe that wide-band single-code users require more power than do narrow-band single-code users except in the case of . For example, with a spectral overlay ratio of , wide-band single-code users require 30% more power than do narrow-band single-code users in the overlay system.
Figs. 5 and 6 illustrate relative user signal power in the four types of multiple-cell overlay systems when the orthogonality among multicode channels is partially lost. Fig. 5 shows that relative user signal power when the spectral overlay ratio of an inner cell is the same as those of outer cells. The relative signal power is proportional to the orthogonality factor. For example, when and the spectral overlay ratio in the systems increases by three times, the relative signal power increases by approximately 20%. 6 illustrates that relative user signal power in the overlay systems when the spectral overlay ratio of an inner cell is different from those of outer cells. From the figure, we can observe that the spectral overlay ratio of an inner cell affects more the relative signal power than does those of the outer cells. This is because the outer cell interference received in wide-band subsystems is proportional to the inner cell interference in these systems. From Figs. 2-6 we can observe that the relative user signal power is the largest, whereas the relative signal power is the smallest in the four types of overlay systems. 
IV. SYSTEM CAPACITY ANALYSIS
The capacity of a CDMA system is generally defined as the maximum number of users supportable in the system. However, since the MC-CDMA and SC-CDMA techniques utilized in the overlay systems have different transmission methods, system capacity is here considered in terms of the total throughput maximally achievable in narrow-band and wide-band subsystems, i.e., the total aggregated data rate in each subsystem. As described previously, the total interference received at the respective narrow-band and wide-band subsystems consists of the same-band interference and the cross-band interference between the two CDMA subsystems. Hence, the total throughput of the systems is jointly bounded by the link throughput of the narrow-band and wide-band subsystems.
To investigate the capacities of the overlay systems in single-cell and multiple-cell environments, we consider the intercell interference factor . Ignoring the thermal noise, the total interference received at the narrow-band subsystem utilizing the MC-CDMA scheme is expressed as (11) The wide-band subsystem experiences interference from multiple narrow bands and thus, the total interference density received at the wide-band subsystem using the MC-CDMA technique is represented as (12) where , , , , and are the number of users assigned to the narrow-band and wide-band subsystems, respectively.
A. Single-Cell Environment
The capacities of System I through IV in a single-cell environment can be obtained using the CDMA signal characteristics discussed in Section III.
1) System I: System I utilizes the MC-CDMA technique in both the narrow-band and wide-band subsystems. In a single-cell environment, using (4), the total interference density received at the narrow-band subsystem (11) is changed into (13) where In order to satisfy traffic quality in terms of the BER, each user of the narrow-band subsystem must achieve the required bit energy-to-interference density ratio . Similarly, wide-band users should be satisfied with the constraint of . Hence, the link throughput achievable in the narrow-band subsystem of System I is bounded as (14) where and It is observed from (14) that the narrow-band link throughput is bounded by the number of spreading codes, the number of users assigned to the wide band, and the required signal power of the wide-band users. Especially, when the wide-band spectrum is fully overlaid with narrow-band spectra, i.e., , the link throughput of the narrow-band subsystem is obtained as 2) System II: As shown in Section III, the signal power of multicode and single-code users varies according to the spectral overlay ratio, the number of spreading codes, and the spreading bandwidth ratio as described in (6) . The total interference density received at the narrow-band subsystem in a single-cell environment is expressed as (15) where In order to achieve an acceptable link quality for the narrow-band subsystem users . Hence, the link throughput of the narrow-band subsystem is bounded as (16) where and The wide-band multicode users in (16) are also satisfied with the link quality constraint . It is observed from (16) that, with a full spectrum overlay ratio, the narrow-band link throughput is bounded as This means that depends on the number of users assigned to the wide-band subsystem and the number of spreading codes allocated to each user.
3) System III: The total interference density at the narrowband receiver using the MC-CDMA scheme is represented as (17) where Considering an acceptable link quality for narrow-band subsystem users, the link throughput of the narrow-band subsystem is obtained as (18) where and 4) System IV: System IV utilizes the SC-CDMA scheme in both the narrow-band and wide-band subsystems. In a similar way, the total interference density received at the narrow-band subsystem in a single-cell environment is represented as (19) where Accordingly, the link throughput of the narrow-band subsystem of System IV is represented as 
B. Multiple-Cell Environment
The user signal power in multiple-cell systems is increased more than it does in single-cell systems, as shown in Section III. In a multiple-cell environment, the relative signal power between a wide-band multicode user and a narrow-band multicode user is given by (8) . Hence, the total interference at the narrow-band receiver of System I can be rewritten as (21) where is given by the right-hand side of (8) . Narrow-band users should achieve the link quality constraint . Hence, the link throughput of the narrow-band subsystem of System I in a multiple cell environment is bounded as (22) where and It is observed from (22) that the link throughput of the overlay system varies according to the spectral overlay ratios of the inner cell and outer cells. Especially, when and , the narrow-band link throughput of System I is obtained as
In a similar way, the total interference density received at the narrow-band system of System II is expressed as (23) where is given by the right-hand side of (9) . Considering the link quality constraint in the narrow-band subsystem, the narrow-band link throughput of System II is represented as (24) where and The analyses of other system capacities can be investigated using the same methodology. The narrow-band link throughput of System III in a multiple cell environment is obtained as (25) where and The narrow-band link throughput of System IV in a multiple-cell environment is also bounded as (26) where and
C. Numerical Results and Discussions
As described in Section III, the following system parameters are assumed to examine the capacities of the overlay systems in single-and multiple-cell environments: the respective spreading bandwidths of narrow-band and wide-band subsystems of 4.80 and 19.20 MHz, respectively, of 384 kb/s, and 7 dB for each overlay system. The spreading bandwidth ratio is . To evaluate the capacities in a multiple-cell environment, the intercell interference factor is also assumed to be in the systems.
Figs. 7-10 illustrate the capacities of single-cell overlay systems in the case that the orthogonality among multicode channels is completely lost. From Fig. 7 we can see that a dominant parameter affecting the capacity of System I is the spectral overlay ratio since the cross-band interference between the narrow-band and wide-band subsystems increases as the overlay ratio increases. Mutual interference among multiple spreading codes affects more the narrow-band link throughput than it does the wide-band link throughput. This is because mutual interference is suppressed more by the higher processing gain of the wide-band subsystem than it is by the narrow-band subsystem. Thus, the use of a higher basic rate in the wide-band is desirable for the higher capacity of System I.
The spectral overlay ratio is a dominant factor affecting the throughput of System II (Fig. 8) . On the other hand, mutual interference among multiple spreading codes is not a critical factor affecting the throughput when compared with the effect of interference on the capacity of System I. This implies that the use of a lower basic rate can be allowed for the wide-band multicode users of System II.
The total throughput of System III decreases as the number of narrow-band allocations increases (Fig. 9) . Mutual interference also decreases the link throughput of the narrow-band subsystem with lower processing gain. In addition, mutual interference reduces wide-band link throughput since interference acts as the cross-band interference from the narrow-band into the wide-band in the overlay system. From Fig. 10 , we can see that the cross-band interference between the narrow-band and wide-band subsystems is proportional to the spreading bandwidth ratio and the interference into the wide-band subsystem also increases as the number of narrow-band allocations increases. As a result, the link throughput of the narrow-band and wide-band subsystems of System IV greatly decreases. Since the system utilizes only a single-code scheme in each subsystem, the number of spreading codes is independent of the system capacity.
Figs. 11-15 show the capacity comparisons of the overlay systems in the case that the orthogonality among multicode channels is partially lost, e.g.,
. From Figs. 11 and 12, using the spectral overlay ratios of and , respectively, we can observe that System IV yields the best performance and System II provides the second best performance in terms of system capacity, whereas System I yields the worst performance among the spectral overlay systems.
In Fig. 13 , the capacities of the overlay systems in a multiple-cell environment are compared in the case where the overlay ratio of an inner cell is the same as those of the outer cells. Due to the effect of outer-cell interference, the capacities are significantly reduced when compared with those of single-cell systems. Figs. 14 and 15 show the capacities of multiple-cell overlay systems when the overlay ratios of inner cell and outer cells are different from each other. In the figures, the overlay ratios are assumed as , and , , respectively. From the figures, we can observe that the overlay ratio of an inner cell affects more the wide-band link throughput than those of outer cells when compared with the results of Fig. 13 . In addition, the overlay ratios of outer cells do not significantly affect the narrow-band link throughput. This implies that the cross-band interference coming from the wide band into the narrow band due to the increase in outer cell overlay ratio, is not a critical factor affecting system capacities. 
V. CONCLUSION
A spectrum overlay system is one of the technologies that efficiently utilizes limited radio resources considering wireless network evolutions. In this paper, we analyzed the capacities of spectrally overlaid single-code and multicode CDMA systems by characterizing user signal power in single-and multiple-cell environments. User signal power in these systems varies ac- cording to such various system parameters as spreading bandwidth ratio, spectral overlay ratio, and the number of spreading codes assigned to each user.
Analytical results show that System IV, which uses a single-code scheme for both the narrow-and wide-band systems, provides the best performance in terms of system capacity and that System II, which utilizes a multicode scheme for wide-band systems and a single-code technique for narrow-band systems, yields the second best performance. Furthermore, considering the advantage of the multicode CDMA system, viz., flexible transmission of user information [2] , System II is desirable for improving spectrum utilization in CDMA overlay systems and for the evolution of the wireless network. The results of this study can be applied to spectrum management and network design in future wireless communication systems.
